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Abstract
In this work, the impact of recent measurements of heavy-flavour production in
pp collisions on parton distribution functions (PDFs) and their uncertainties is
studied. In this regard, the absolute and normalised cross sections of beauty
hadron production measured by LHCb at center-of-mass energy of 7 TeV and
13 TeV are separately included in the next-to-leading order (NLO) global QCD
analysis together with the measurements of the inclusive and heavy-flavour pro-
duction cross sections at HERA. It is illustrated that the heavy-flavour data
of the LHCb experiment impose additional constraints on the PDFs, especially
on the gluon distribution at low partonic fractions x of the proton momentum.
One of the most important results of the present analysis is the significant re-
duction of the gluon uncertainties in the region less than x = 10−4 that can
play a crucial rule in many areas of high energy physics investigations.
Keywords: Parton distribution functions; heavy quark; pp collision; LHCb.
1. Introduction
An accurate understanding of the nucleon structure and also hadronic prop-
erties is one of the important tasks of modern particle physics, in particular, in
the theory of quantum chromodynamics (QCD). According to the factorization
theorem [1, 2] of QCD, for a wide range of hard processes in high-energy lepton-
nucleon scatterings and nucleon-nucleon collisions, the cross sections can be
divided in two parts: the universal sets of parton distribution functions (PDFs)
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which are nonperturbative objects, and short distance partonic processes which
can be calculated perturbatively. In this regard, an accurate knowledge of PDFs
is essential for predictions at hadron colliders, especially at the large hadron col-
lider (LHC) [3, 4, 5, 6].
From a conceptual point of view, PDFs represent probability densities to find
a parton of longitudinal fraction x of the nucleon momentum at a factorization
scale µf . It is well known now that the x-dependence of PDFs cannot be
derived from first principles of QCD so that they should be extracted from a
wide range of experimental data through a global QCD analysis [7, 8, 9, 10,
11, 12, 13, 14, 15, 16]. The scale evolution of PDFs is driven by Dokshitzer-
Gribov-Lipatov-Altrarelli-Parisi (DGLAP) equations [17, 18, 19]. In order to
make precise theoretical predictions for Standard Model (SM) processes at the
LHC and also searching for new physics, the reduction of the uncertainty of
PDFs is a very important issue.
Overall, the deep inelastic scattering (DIS) measurements, like the inclu-
sive [7] and heavy-flavour production cross sections [20, 21] measured at HERA,
are our main sources to obtain essential information on the proton PDFs since
they cover a broad range in x and µf . Nevertheless, in order to gain a bet-
ter flavour separation and decrease PDF uncertainties, especially for the sea
quarks and gluon, the inclusion of the LHC measurements from various processes
such as the jet production [22, 23, 24, 25], inclusive electroweak boson produc-
tion [26, 27, 28, 29, 30, 31, 32, 33] and top quark pair production [34, 35, 36]
in the global analyses of PDFs is inevitably necessary. Despite all of these
measurements, constraints on the gluon PDF are limited to x & 10−4 in the
perturbative region, so that for smaller values of x, the gluon distribution is
poorly known and there are large uncertainties resulting from the lack of di-
rect experimental information. Then, additional measurements are necessary to
improve our knowledge in these kinematic ranges. Actually, accurate determina-
tion of the low-x gluon distribution is important for studies of parton dynamics,
non-linear and saturation effects. In addition, neutrino astronomy [37, 38, 39]
and cosmic ray physics [40] are the other fields that precise gluon distribution
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at small x is really required for them. Of course, making accurate theoretical
predictions of physical observables will be measured in the future higher-energy
colliders [41, 42], is of key importance by itself.
It is well established now [43, 44, 45, 46] that the production of charm and
bottom quarks at forward rapidity in proton-proton collisions at the LHC is
very sensitive to the gluon PDF at low x and can put tighter constraints on
it in this kinematic region. Actually, since the heavy-flavour production at
LHC is dominated by the gluon-gluon fusion process, the LHCb measurements
of charm [47, 48, 49] and beauty [50] production in forward rapidity can gain
unique information on the gluon distribution at 10−6 . x . 10−4. Theoretical
prediction of the LHCb heavy-flavour production measurements can be calcu-
lated by convoluting the partonic cross sections for heavy quark pair production
with the input PDFs and the relevant heavy quark fragmentation fractions which
are describing the probability of a quark to fragment into a particular hadron.
From a phenomenological point of view, the impact of heavy-flavour measure-
ments of the old LHCb data for charm production at 5, 7 and 13 TeV [47, 48, 49],
and also beauty production at 7 TeV [50] has previously been investigated on
the gluon PDF with different approaches. These investigations have performed
both in a global QCD analysis [44] together with inclusive and heavy-flavour
production cross sections at HERA, and also on the NNPDF3.0 gluon PDF [45]
by using the Bayesian reweighting method [51, 52]. We describe these studies
more accurately in Sec. 2.
Fortunately, the new measurements of the B± production cross-section in
pp collisions at
√
s = 7 and 13 TeV [53] have recently been presented by LHCb
collaboration. These data have been measured as a function of the transverse
momentum, pT , and rapidity, y, in the region 0 < pT < 40 GeV and 2.0 < y <
4.5 and then can provide unique information on the structure of the proton.
Therefore, in this paper, we are going to study the impact of new heavy-flavour
measurements of the LHCb [53] at
√
s =7 TeV and 13 TeV on PDFs, specially
gluon distribution, and their uncertainties by performing some global analyses.
In addition, the effects of these data on the mass of charm and beauty quarks
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are also investigated.
The paper is organised as follows. In Sec. 2, we briefly discuss the LHCb mea-
surement of heavy-flavour production and present an overview of phenomeno-
logical efforts performed in this subject. In Sec. 3, we introduce our QCD anal-
ysis framework including the experimental data sets, PDF parametrizations,
kinematic cuts, and etc. In Sec. 4, we study the impact of recent LHCb mea-
surements of heavy-flavour production cross sections on PDFs and the mass of
heavy quarks, by including the absolute and normalised LHCb data at
√
s =7
TeV and 13 TeV [53] into a global analysis. Finally, we summarize our results
and conclusions in Sec. 5.
2. Charm and beauty production at the LHCb
As anticipated in the introduction, the measurements of charm and beauty
production in multi-TeV pp collisions at the LHC provide a powerful tool for
testing QCD. Such measurements can also provide further constraints on PDFs
especially for the sea quarks and gluon if they are performed at forward ra-
pidities [44]. Fortunately, there have always been a good agreement between
the experimental data measured at LHC and the related theoretical predictions
within the estimated systematics. This section provides an overview of the
framework for pQCD computations for heavy-flavour production in hadronic
collisions and also the measurements of heavy-flavour production at the LHCb
experiment [47, 48, 49, 50, 53].
In any QCD analysis, the experimental measurements are compared to cor-
responding theoretical predictions, so having accurate theoretical calculations is
very important to extract physical quantities. Computationally, the calculation
of heavy quark pair production in hadronic collisions at next-to-leading order
(NLO) approximation of QCD has been available for about three decades. These
calculations include the total inclusive cross-sections [54], as well as the differen-
tial distributions [55, 56, 57, 58, 59]. The cross sections of inclusive heavy quark
pair production have also been calculated at the next-to-next-to-leading order
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(NNLO) [60, 61, 62]. For the case of differential distributions, one can refer to
the NNLO calculations of top quark production [63, 64] which are also applicable
to charm and bottom production. It is worth pointing out in this context that
the fixed-order calculations can be improved with the resummation of soft gluons
at NLL [65, 66] and NNLL [67, 68] accuracy. Unfortunately, the perturbative
calculations of heavy-flavour production at high energies at NLO include sub-
stantial theoretical uncertainties. These uncertainties are larger for the case of
charm production. Actually, theoretical uncertainties in heavy-flavour produc-
tion cross sections can be generated from various sources including the renormal-
isation and factorisation scales dependence, the value of the heavy-quark masses,
and the uncertainties of the parton distribution functions. There are different
approaches for making pQCD predictions of heavy quark pair production includ-
ing FONLL [69, 70], POWHEG [71, 72, 73] and MadGraph5 aMC@NLO [74].
A brief description of these approaches can be found in Ref. [45]. It is just worth
noting that FONLL is a semi-analytical approach, while in Monte Carlo pro-
grams POWHEG and MadGraph5 aMC@NLO, the fully exclusive description
of the final state has been provided with a feature for passing the results to the
Pythia8 parton shower.
The LHCb experiment has wide physics program covering many important
aspects of heavy-flavour, Electroweak and QCD physics. By virtue of the LHCb
detector [75], that is, a single-arm forward spectrometer covering the pseudora-
pidity range 2 < η < 5, it is possible to study the particle productions containing
the heavy charm or bottom quarks. In this way, one can explore parton den-
sities in the nucleon especially of the gluon in a region which is not accessible
with HERA data. The LHCb measurements of heavy-flavour production have
been performed both for charm [47, 48, 49] and beauty [50, 53] production. The
charm production data include the measurements at center-of-mass energy of
√
s = 5 TeV [49], 7 TeV [47] and 13 TeV [48]. Note that, in terms of time,
the measurements at 7 TeV had been released earlier and are based on data
corresponding to an integrated luminosity of 15 nb−1. In that analysis, the full
reconstruction of decays of the charmed hadrons D0, D+, D+s , D
∗+ and Λ+c
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has been considered, and the cross sections have been measured as a function
of the transverse momentum, pT , and rapidity, y, of the reconstructed hadrons
in the region 0 < pT < 8 GeV and 2.0 < y < 4.5. However, the data sample at
5 and 13 TeV corresponds to an integrated luminosity of 8.60 and 4.98 pb−1,
respectively. Moreover, the LHCb measurements at 5 and 13 TeV do not include
the reconstruction of decays of Λ+c and cover a somewhat wider range in pT.
Note that in these analyses, the corresponding cross section ratios R13/5 and
R13/7 have also been presented. The ratios of cross sections between different
center-of-mass energies greatly have the advantage to reduce relative experimen-
tal systematic uncertainties compared to the differential cross-sections and also
the cancellations of several theoretical uncertainties. The LHCb data on the
production cross-sections of B mesons in pp collisions [50] have been measured
at
√
s =7 TeV and correspond to an integrated luminosity of 0.36 fb−1. In this
case, the B+, B0 and B0s mesons (as well as their charge-conjugate states) are
reconstructed in exclusive decays mainly containing a J/ψ in final states.
From the view point of phenomenology, there are two approaches to study
the impact of a specific new experimental data sets on PDFs. A direct way is
to perform a new global analysis of PDFs considering a reliable range of the
experimental data, with and without those data we are looking for their effects,
and comparing the results with each other. However, in a different manner, one
can use the parton distribution reweighting procedure to estimate the impact
of desired new data on a special predetermined PDFs set. To be more precise,
this method allows quantifying the impact of new data in a set of PDFs without
needing us to perform the full global QCD analysis again. It has been used so
far in some studies concerning the impact on PDF fits from data such as the
top quark pair production [76] and polarised W± and jet production [77].
Regarding the potential of LHCb data on determining the gluon distribution
more accurately, various analyses have been done. In Ref. [44], the PROSA
Collaboration investigated the impact of heavy-flavour measurements of the
LHCb at
√
s =7 TeV on the gluon PDF in a global QCD analysis together
with inclusive and heavy-flavour production cross sections at HERA. Note that
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their study was performed based on xFitter framework [78, 79, 80], using the
Mangano-Nason-Ridolfi (MNR) code [58, 59] in a fixed flavour number scheme
(FFNS) with Nf = 3 active flavours. They concluded that these data impose
additional constraints on the gluon and the sea-quark distributions at low x of
the proton momentum, down to x ∼ 5 × 10−6. At the same time, the impact
of heavy-flavour measurements of the LHCb at
√
s =7 TeV was investigated on
the NNPDF3.0 [11] gluon PDF using the Bayesian reweighting method by the
authors of Ref. [45] where the FONLL predictions were used for the theoretical
calculations. They found that by inclusion of the LHCb measurements, the
PDF uncertainties in the NNPDF3.0 gluon PDF are reduced by more than a
factor three. It has also been shown that the central value at small-x of the
gluon PDF preferred by the LHCb charm data is less steep than that of the
global fit. The analysis of Ref. [45] has recently been continued in Ref. [46]
where the authors have investigated the impact of forward charm production
data provided by LHCb for all three different center-of-mass energies: 5 TeV, 7
TeV, and 13 TeV including the cross-section ratios between data were taken at
different center-of-mass values R13/5 and R13/7 on the NNPDF3.0 gluon PDF.
They have demonstrated these data lead to a reduction of the PDF uncertainties
of the gluon down to x ' 10−6. As the last point, note that as mentioned before,
because of the large theoretical uncertainties of the NLO calculations, the direct
inclusion of absolute heavy-flavour production cross sections into a PDF fit can
not affect the uncertainties of the extracted PDFs. However, it has been shown
that using normalised representations of the LHCb measurements can improve
description of the small-x gluon [44, 45]. A similar outcome is achieved using
the ratios of cross sections between different center-of-mass energies [46].
Recently, LHCb Collaboration has presented a new measurement of the B±
production cross-section in pp collisions at
√
s = 7 and 13 TeV corresponding
to 1.0 fb−1 and 0.3 fb−1, respectively [53]. In this case, the B± mesons (as
well as their charge-conjugate states) have been reconstructed in decays mainly
containing a J/ψK± in final states. Moreover, the cross sections have been
measured as a function of the transverse momentum, pT , and rapidity, y, of
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the reconstructed hadrons in the region 0 < pT < 40 GeV and 2.0 < y < 4.5.
In this work, we are going to study the impact of these new data on PDFs by
performing some global analyses. In addition, the effect of these data on the
charm and beauty mass is also investigated. The framework of the theoretical
calculations for the heavy-flavour production at pp collisions, as well as the QCD
fit, is described in the next section.
3. QCD analysis framework
In this section, we present a brief overview of the theoretical formalism
and experimental data which are used in our QCD analysis for investigating the
impact of LHCb data on PDFs and the mass of heavy quarks. It should be noted
that the PDFs extraction is performed using the xFitter package [78, 79, 80], at
the NLO approximation. The bases for all PDFs determination are the HERA
DIS measurements, so we use the HERA inclusive production cross sections [7]
in our analysis to obtain essential information on the proton PDFs. In order
to put further limits on gluon distribution and the mass of charm and beauty
quarks, the heavy-flavour production cross sections [20, 21] measured at HERA
are also included in the QCD analysis. In Sec. 4, within two separate analyses,
the LHCb updated beauty production data at 7 TeV and their new data at
13 TeV [53] are respectively included to study the impact of theses data on
the extracted PDFs and the mass of heavy quarks. All experimental data sets
used in the present study have been listed in the first column of Table 1. Note
that we applied the kinematics cuts Q2 > 3.5 GeV2 and W 2 > 15 GeV2 on
the DIS data to avoid the non-perturbative effects. It should also be noted
that in the present work, the QCD coupling constant is taken to be equal to
αS(mZ)
Nf=3 = 0.1059 in the NLO 3-flavour MS scheme [79]. For inclusive
and heavy flavor production at HERA, the renormalisation and factorisation
scales are set to µr = µf = Q and µr = µf =
√
Q2 + 4m2Q, respectively, and for
LHCb data they are set to µr = µf =
√
p2T +m
2
Q, where mQ is the pole mass
of c or b quarks [58, 59].
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Since the main objective of the present study is not a comprehensive global
analysis of PDFs and we would like to find out the impact of LHCb data on
PDFs, it is satisfying to use of simple flexible parametrization forms for input
parton densities such as HERAPDF form [81]. However, it should be noted
that the optimal parametrization forms for the PDF fit can be found through a
parametrization scan as described in [82]. The central HERAPDF parametriza-
tion at the initial scale Q20 = 1.4 GeV
2 is:
xg(x) = Agx
Bg (1− x)Cg −A′gxB
′
g (1− x)C′g ,
xuv(x) = Auvx
Buv (1− x)Cuv (1 + Euvx2),
xdv(x) = Advx
Bdv (1− x)Cdv ,
xU¯(x) = AU¯x
BU¯ (1− x)CU¯ (1 +DU¯x),
xD¯(x) = AD¯x
BD¯ (1− x)CD¯ . (1)
which xuv(x) and xdv(x) are the valance distribution, and xU¯(x) and xD¯(x)
are anti-quarks distribution, where xU¯(x) = xu¯(x) and xD¯(x) = xd¯(x) +xs¯(x),
and finally xg(x) is the gluon distribution, with more flexible form. Note that
according to the MSTW analysis, for the gluon distribution, the C ′g = 25 is
fixed [83, 84].
In the HERAPDF approach, Auv , Adv and Ag are the normalisation pa-
rameters which are determined with the help of QCD sum rules. Moreover,
for the case of B parameters in sea quark PDFs, they are considered to be
equal as BU¯ = BD¯. Furthermore, an additional constraint as Au¯ = AD¯(1− fs)
is considered, which ensures the same behaviour of the xu¯ and xd¯ as x → 0.
The contribution of the strange quark density is taken to be proportional to
xs¯ = fsxD¯. It has been shown that a value of 0.31 is a good estimation for fac-
tor fs [84, 85, 86]. After these simplifying assumptions, the number of unknown
parameters, which should be determined by the fit, will be 16.
The framework we use in the present study for making the theoretical cal-
culations of the heavy-flavour production at pp collisions is similar to the study
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performed in Ref. [44]. To be more precise, we use the massive NLO calculations
in the FFNS [54, 55, 56] with the number of flavours Nf = 3 that is implemented
in xFitter by using original routines from the MNR calculations [58, 59]. The
MNR calculations have also been used recently by the LHCb Collaboration to
describe the production of prompt D0 mesons in proton-lead and lead-proton
collisions at the LHC [87]. One of the advantages of such calculations is to in-
clude the fragmentation of the heavy quark into a particular final-state hadron.
Actually, for taking into account the transition of the heavy quark into the
observed heavy-flavoured hadron, one can multiply the cross section with the
appropriate branching fraction. However, using a suitable fragmentation func-
tion describing the hadronisation of the heavy quark can give us everything
we are looking for. In the present analysis, following the PROSA Collabora-
tion [44], we use the parametrisations obtained by Kartvelishvili et al. [88]. The
fragmentation function uncertainties are assigned to the measurements and are
treated as correlated. However, it should be noted that in addition to using new
data, there is another important difference between the present study and the
analysis performed before by the PROSA Collaboration. Actually, in our anal-
ysis the newest HERA combined data [7] are used which are related to HERA
II period, while the PROSA Collaboration used those data were taken during
the HERA I period.
4. Global analysis of PDFs including the LHCb beauty production
data
As mentioned, the main objective of the present paper is studying the impact
of LHCb new measurements of the B± production cross-section in pp collisions
at
√
s = 7 and 13 TeV on the flavour composition of quarks within the pro-
ton and its gluon content, as well as their uncertainties by performing QCD
global analysis. Although the potential constraint of the older LHCb beauty
production data at
√
s = 7 TeV on the PDFs at smaller values of x has been
investigated by PROSA collaboration [44], it is also of interest to quantify the
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impact of new LHCb data at
√
s =13 TeV (and also at
√
s =7 TeV with better
luminosity) compared with the older data.
In the previous section, the phenomenological framework of our analysis was
introduced. Now we are in a position to perform such an analysis and study
in details the impact of LHCb data on the behaviour of PDFs. For this aim,
in this section we perform three analyses as follows. In the first analysis, we
just consider the combined HERA I+II inclusive cross-section measurements,
as well as the measurements of charm and beauty production at HERA, which
are necessary to constrain PDFs. In the second analysis, we include also the
updated LHCb measurement of B± production cross-section data at center-of-
mass energy of
√
s =7 TeV to assess the impact of these data on the PDFs. It
should be noted that, in order to reduce the scale dependence of the theoretical
prediction, we use the normalised cross-section, dσdy /
dσ
dy0
, for B± production
which are obtained from the absolute measurements published by LHCb, with
dσ
dy0
being the cross section in the center rapidity bin, 3 < y < 3.5, though the
impact of absolute measurements on PDFs is also studied in the following. In
this way, Ndat = 108 new data points will be added to the first analysis. Finally,
in the third analysis, we substitute the normalised B± production cross-section
data at
√
s =7 TeV with the same measurements at
√
s =13 TeV, to study also
the effects of these new data on the PDFs.
It is well known now that the c-quark mass is about 1.5 GeV, while this value
is about 4.5 GeV for the case of b-quark. In the present analysis, the effect of
LHCb data on the mass of heavy quarks is also investigated. Considering the
masses of the charm and beauty quarks as free parameters, their optimal values
are determined for each of three QCD analyses described above.
As mentioned in the previous section, for the theoretical calculations, we
use the massive NLO calculations [54, 55, 56] in the FFNS. The fully exclusive
parton cross sections for heavy-quark production is presented in the MNR calcu-
lations [58]. The UA1 Collaboration were used successfully these calculations to
describe its measurement of the beauty production cross-section in pp¯ collisions
[89] and the Tevatron [90]. One of the important ingredients of such calculations
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is using the suitable values for heavy quark fragmentation fractions. In order
to use the LHCb inclusive B± hadron production data in our analyses, we use
the fragmentation fractions for b-flavoured hadrons from [50].
The list of experimental data and also the values of the χ2 and number of
data points for each data sets, and the total χ2 for each analyses have been
illustrated in Table 1. The second column of the table shows the results of the
base analysis which dose not include the LHCb data. The columns labeled by
“LHCb 7 norm” and “LHCb 13 norm” contain the results of the second and
third analyses that include also the LHCb normalised data at
√
s =7 and 13
TeV, respectively. The values of the total χ2 divided by the number of degrees
of freedom, have been given in the last row of the table. As can be seen, it
is equal to 1.187, 1.186 and 1.164 for the base fit using the HERA combined
data, the analyses including the LHCb data at 7 and 13 TeV, respectively. At
first glance, it means that the simultaneous inclusion of the LHCb B± hadron
production data and HERA DIS combined data can lead to a satisfying fit on
these data. Actually, according to the results obtained, it can be clearly seen
that the χ2 per points for the LHCb data at both
√
s =7 and 13 TeV is perfect.
However, a slight tension between the LHCb data and HERA combined data
can also be elicited by comparing the χ2 per points for HERA1+2 NCep 920
and HERA1+2 CCep data before and after including the LHCb data in the
analysis. This tension in more visible for the analysis with LHCb data at 7 TeV
in analogy to the analysis containing LHCb data at 13 TeV.
The optimal values of the input PDF parameters of Eq. 1 at the initial scale
Q2= 1.4 GeV2, as well as the charm and bottom quark masses extracted from
the fit have been given in Table 2 (see the columns included label “norm” for
the analyses containing the LHCb normalised data), for all three global analyses
described above. Note that we have used the blue color to distinguish between
the parameters excluded from the fit and considered to be fixed with the free
parameters. Another important point should be mentioned is that for the case
of base analysis without considering the LHCb data, we have exactly used the
parametrisation of HERAPDF2.0 analysis [7] with an extra D parameter for U¯
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distribution (see Eq. 1), while for the analyses including the LHCb data at 7
and 13 TeV, this parameter has been considered to be zero. According to the
results obtained, one of the interesting points can be achieved from Table 2 is
that the inclusion of the LHCb data in the analysis leads to a decrease in values
of the heavy quark masses, especially for the analysis containing the LHCb data
at 7 TeV.
In Fig. 1, the LHCb normalised cross sections for production of B± mesons
at 7 TeV [53] have been compared to the theory predictions based on the PDFs
extracted from the fit. This figure contains a comprehensive comparison between
the theory and experiment in wide range of the transverse momentum from
0.0 < pT < 0.5 GeV up to 23.5 < pT < 40.0 GeV as a function of rapidity y.
As expected from the value of χ2 per points presented in Tab. 1, there is an
excellent agreement between the LHCb data with QCD theory.
Fig. 2 shows the same results as Fig. 1, but for the case of LHCb 13 TeV
normalised cross sections. As can be seen, the agreement between the theoret-
ical predictions using the PDFs obtained and the experimental data is again
excellent. There is also a slight deviation for the lowest transverse momentum
range 0.0 < pT < 0.5 GeV.
Fig. 3 shows the fit results for a representative subset of the HERA DIS
combined data [7], for all three analyses performed in this paper. The panels
have been chosen in such a way that represent both the goodness of fit and
the existing tension between the HERA and LHCb data. According to the
results obtained, some interesting points can be concluded. Firstly, note that
the inclusion of the LHCb data in the analysis leads to a better fit of the HERA
data at some kinematic regions. For example, see the panels containing the
HERA1+2 NCep data with Ep = 820 GeV at larger scales Q
2 = 15 and 200
GeV2. On the other hand, due to some existing tensions between the HERA
and LHCb data, the agreement between the theory and experiment gets worse
by inclusion the LHCb data in the analysis. This fact can be clearly seen from
the panel corresponding to the HERA1+2 NCep data with Ep = 820 and 460
GeV at low scales Q2 = 4.5 and 3.5 GeV2, respectively. However, there are
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some kinematic regions in which the changes in agreement between the theory
and experiment are not considerable after including the LHb data.
Fig. 4 shows a comparison between the extracted PDFs (left) and their
relative uncertainties (right) for uv and dv valence-quarks, gluon g, and sum
of sea-quarks Σ with their total uncertainties at the scale Q2= 10 GeV2, as a
function of x, for three different analyses. It should be noted that, the total
uncertainty in this figure involves only the experimental uncertainties, and the
model and parametrisation uncertainties have not been taken into account (they
are studied separately at the end of this section). As can be seen from this figure,
the inclusion of the LHCb data at both 7 and 13 TeV leads to a high impact on
gluon and sea distributions at the low-x kinematic ranges. In general, we can
say that by inclusion the LHCb data at 7 TeV and 13 TeV, PDFs are almost
affected similarly. In comparison to the base fit results which have not been
contained the LHCb data, the most changes are appeared at small values of
x as expected, where the LHCb data are dominant. Another important thing
can be pointed out from the results obtained is the reduction in uncertainties of
almost all distributions especially at smaller values of x by inclusion the LHCb
data both for 7 and 13 TeV in the analysis. To be more precise, although the
reduction in uncertainties of valence-quark distributions, especially of uv is not
significant, but it is indeed significant for the sea quarks and gluon distributions.
In fact, the reduction in uncertainties of gluon up to 20% at x = 10−6 is one of
the most important results of the present analysis, because of its crucial rule in
many areas of high energy physics investigations. Another important result can
be concluded from Fig. 4 is that the inclusion of the LHCb beauty production
data at
√
s =13 TeV can put somewhat more tighter constraints on the gluon
and sea distributions rather than the data at
√
s =7 TeV.
For more understanding of how PDFs have affected by including the LHCb
data in the analysis according to Fig. 4, the sensitivity of data to the PDFs
should be examined more accurately. For example, with the naive LO 2 →
2 kinematics, the momentum fractions in the PDFs of target and projectile
typically probed by B± production at the LHC can be estimated using the
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values of proton beam energy Ep, transverse momentum pT, heavy quark mass
mQ and rapidity y as:
x1,2 ≈
√
p2T +m
2
Q
Ep
e±y. (2)
For the case of LHCb data at 7 TeV, such a sensitivity has been investigated in
Fig. 1 of Ref. [44], which shows the LHCb beauty data cover the smaller and
larger values of x than the HERA data, specially for the case of larger rapidities,
while the HERA data are dominant at 10−4 . x . 10−1. Therefore, we expect
that by inclusion of the LHCb data, the most changes in the behaviour of PDFs
are seen in very small values of x where the HERA data are not dominant.
Another point should be considered is that for the case of data with higher
value of center-of-mass energy, namely
√
s = 13 TeV, the typical x coverage
of this data are shifted even to more smaller x. This is exactly what has been
achieved in Fig. 4, where the PDFs have changed in smaller values of x, while
remained almost unchanged at other values.
Nevertheless, investigating the correlations between data and PDFs can be
very instructive to explore the sensitivity of data to the PDFs. In this regard,
we study such correlations, for instance, between differential cross section of
B± production measured by LHCb at
√
s = 13 TeV, and xg(x) distribution
for two different rapidity values y = 2 and 4.5. Generally, correlations can be
computed for any variable X(~a), where ~a forms a vector in an N -dimensional
PDF parameter space, with N being the number of free parameters in the global
analysis that determines these PDFs. The correlation between two variables
X(~a) and Y (~a) is computed by [91]:
cosϕ =
1
4∆X∆Y
N∑
i=1
(X
(+)
i −X(−)i )(Y (+)i − Y (−)i ), (3)
where X
(+)
i and X
(−)
i are the values of X computed from the two sets of PDFs
along the (±) direction of the i-th eigenvector and the ∆X is given as:
∆X =
∣∣∣~∇X∣∣∣ = 1
2
√√√√ N∑
i=1
(
X
(+)
i −X(−)i
)2
. (4)
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The quantity cosϕ characterizes whether X and Y are correlated (cosϕ ≈ 1),
anti-correlated (cosϕ ≈ −1), or uncorrelated (cosϕ ≈ 0). Fig. 5, for instance,
demonstrates the correlations cosϕ between the differential cross section of the
LHCb B± production at
√
s = 13 TeV for two different rapidity values y = 2 and
4.5, and xg(x) distributions at Q2 = 10 GeV2. Before discussing the correlations
and their compatibility with the results obtained for the PDFs in Fig.4, we have
to keep in mind one point and that is, according to the relation 2, the data with
y = 2 can affect generally PDFs at 10−4 . x . 0.2, while the data with higher
value y = 4.5 can affect PDFs at even smaller and larger values of x.
Focusing on the results obtained for gluon distribution in Fig. 5, we see that
there are two effective correlation areas at very small and large values of x for
y = 4.5 which can affect the gluon density at these regions. At 0.001 . x . 0.01,
the gluon density indicates an anti-correlation and a correlation with differential
cross section with y = 4.5 and y = 2, respectively. But, the first one is not
effective and on the other hand, the gluon density is well constrained by HERA
DIS data in this region, so that the LHCb data cannot change the behaviour of
gluon distribution considerably. As can be seen, the results obtained in Fig. 5
are consistent with the results shown in Fig. 4 for gluon distribution.
As mentioned before, in order to reduce the scale dependence of the the-
oretical prediction, we used the normalised cross-section data in the analyses
explained above. But, to examine the effect of theoretical uncertainty, such as
the factorization and renormalisation scale uncertainties, and the uncertainty
on the PDFs due to the fragmentation model for heavy quarks, a comparison
of constraints on the PDFs obtained with the absolute and normalised LHCb
cross sections would be worthwhile. To this aim, as a next step, we have also
performed new analyses including the absolute LHCb cross sections. The val-
ues of the χ2 and number of data points for each data sets, and the total χ2
for each analyses have been illustrated in Table 3 (for the best values of fit
parameters see the columns included label “abs” of Table 2). Fig. 6 shows a
comparison between the extracted PDFs for uv and dv valence-quarks, gluon g,
and sum of sea-quarks Σ with their uncertainties at the scale Q2= 10 GeV2,
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as a function of x, for analyses with including absolute and normalised LHCb
data at 7 TeV. These comparisons clearly show the effect of theoretical uncer-
tainty of the absolute and normalized LHCb cross sections on the PDFs, since
the resulted uncertainties in the gluon and sea distributions have decreased re-
markably, specially at smaller values of x, using the normalized LHCb cross
sections. The corresponding results for comparison between the absolute and
normalized LHCb cross sections at 13 TeV have been shown in Fig.7. As can
be seen, similar results are also gained at 13 TeV which confirm that using the
normalized LHCb cross sections leads to less uncertainty for PDFs.
As a last step, for examining the stability of our results with different as-
sumptions, we have also studied the model and parametrization uncertainties.
The results obtained, both for analysis of HERA data solely and the analy-
sis including the normalised LHCb data at
√
s =13 TeV, have been shown in
Fig. 8 where the experimental, model and parametrization uncertainties have
been compared with each other at Q2 = 10 GeV2. It should be noted that the
most effective sources in theoretical uncertainties of heavy-flavour production
cross section are the renormalisation and factorisation scales dependence and the
value of heavy-quark masses and coupling constant. However, the uncertainties
due to considering the fraction of strange quarks fs and also parameter C
′
g in
the gluon parametrization as fixed parameters should be also considered. In the
present study, the contributions of the model uncertainties are calculated by con-
sidering the value of coupling constant αS(mZ), heavy quark masses mc and mb,
fraction of strange quarks fs, and parameter C
′
g as free parameters of the fit and
comparing the results obtained with the central fit. Moreover, the uncertainties
due to the variation of the QCD scales are also included to model uncertainties
as follows. The renormalisation and factorisation scales µr and µf are set to
µf = µr = CQ for inclusive cross section and µr = µf = C
√
Q2 + 4m2Q for
heavy flavor production at HERA, where C is varying around unity by a factor
0.5 and 2. For the case of heavy flavour production at the LHCb, the uncer-
tainties due to the variation of the QCD scales are also calculated by varying
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µr = µf =
√
p2T +m
2
Q by a factor of 2 up and down. The optimal values of the
free parameters of the model introduced above and their variations have been
summarized in Table 4 both for analysis of HERA data solely and the analysis
including the LHCb data at
√
s =13 TeV. A very interesting point can be found
from the results obtained is concerning the fraction of strange quarks fs, and
parameter C ′g. In fact, as can be seen, the values of these parameters become
closer to their known values, namely 0.31 and 25, when the LHCb data are
included in the analysis. To be more precise, fs changes from 0.57 to 0.36 and
C ′g changes from 16.0 to 21.4.
For calculating the parametrization uncertainty we follow a similar proce-
dure described in Refs. [82, 21, 20]. According to this procedure, additional
parameters should be added one by one in the functional form of the parametri-
sations which are used in the analysis. By comparing the maximal differences
resulted in the distributions with results of the central fit, one can calculate the
parametrisation uncertainties. In this regard, we tried to consider, as much as
possible, more flexibility for PDF parametrisations, especially for sea quarks and
gluon, to estimate the parametrisation uncertainty. We found that, for the anal-
ysis of HERA data solely, it does not show a significant impact on the valence
quarks distributions but changes considerably the lower limit of the error bands
of the gluon and sea quarks distributions. However, the results are somewhat
different for the gluon and sea quark distributions when the normalised LHCb
data at
√
s =13 TeV are included in the analysis. To be more precise, consid-
ering more flexibility for gluon and sea quark distributions in this case has a
moderate impact on the resulted distributions for them and then the parametri-
sation uncertainty. Note that the total uncertainty can be calculated as usual
by the experimental, model and parametrisation uncertainties in quadrature.
5. Summary and conclusions
It is well established now that the heavy-flavour production at forward ra-
pidities in pp collisions at the LHC is very sensitive to the gluon PDF at low x
18
and can put tighter constraints on it in this kinematic region. In this work, we
studied, for the first time, the impact of newest LHCb measurements for bottom
production in the forward region [53], at center-of-mass energy of
√
s =7 and
13 TeV on the PDFs, utilizing the xFitter framework [78]. In this respect, we
separately included both absolute and normalised LHCb data into a NLO global
analysis of the inclusive and heavy-flavour production measurements at HERA.
For making theoretical predictions, we used the massive NLO calculations in
the FFNS [54, 55, 56] with the number of flavours Nf = 3 which is implemented
in xFitter by using original routines from the MNR calculations [58, 59]. As a
result, we found that there is a good agreement between the LHCb data and
theoretical predictions, so that the values of χ2 per data point obtained for them
are about equal to unity. We showed that both LHCb 7 and 13 TeV normalised
data have almost a same impact on PDFs and lead to a significant reduction in
sea quarks and gluon uncertainties at low x. However, the LHCb measurements
cannot lead to remarkable changes in valence-quarks uncertainties. We have
also investigated the impact of the LHCb data on the mass of heavy quarks.
We shown that the inclusion of these data leads to a decrease in the mass of
heavy quarks in both cases, but the LHCb data at 7 TeV will affect the mass
of charm and beauty more than 13 TeV data. In order to do further research,
we studied, for instance, the correlations between the differential cross section
of B± production measured by LHCb at
√
s = 13 TeV, and xg(x) distribution
for two different rapidity values y = 2 and 4.5. We showed that the correlation
results are consistent with the changes observed in gluon distribution after the
inclusion of the LHCb data. In order to examine the effect of theoretical uncer-
tainties, such as the factorization and renormalisation scale uncertainties, and
the uncertainty on the PDFs due to the fragmentation model for heavy quarks,
we repeated the analyses by replacing the absolute LHCb data and compared
the results with corresponding ones obtained using the normalised LHCb cross
sections. We demonstrated that the resulted uncertainties in the gluon and sea
distributions are decreased remarkably, specially at smaller values of x, using
the normalized data. Moreover, we estimated the amount of the model and
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parametrization uncertainties due to various sources both for analysis of HERA
data solely and the analysis including the LHCb data at
√
s =13 TeV. The re-
sults obtained illustrate that by inclusion of the LHCb data in a QCD analysis
of PDFs, the gluon distribution at low x is directly probed. This causes that
the parametrization uncertainty of gluon distribution decreases significantly.
Overall, the results obtained confirm that the inclusion of the LHCb mea-
surements to a global analysis of PDFs imposes tighter constraints on the gluon
and sea distributions at low x, down to x ∼ 10−6, just like the results obtained
in the analysis of PROSA Collaboration [44]. However, our results show that
the inclusion of the LHCb beauty production data at
√
s =13 TeV can put
somewhat more tighter constraints on the gluon and sea distributions rather
than the data at
√
s =7 TeV. On the other hand, since these data include a
region that is currently not covered by other experimental data which have used
in the global analysis of PDFs, the inclusion of them can provide more accurate
PDFs for the LHC era.
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Table 1: The list of experimental data included in three global fits. The first analysis dose not
include neither LHCb 7 TeV nor 13 TeV [53] data. The second and third analyses include the
normalised LHCb 7 and 13 TeV data of the B± production cross-section, respectively. For
each data set, we presented the χ2/number of points.
Dataset HERAPDF2.0 LHCb 7 norm LHCb 13 norm
Charm cross section H1-ZEUS [21] 52 / 52 50 / 52 51 / 52
Beauty cross section ZEUS [20] 12 / 17 12 / 17 12 / 17
HERA1+2 NCep 820 [7] 66 / 70 70 / 70 69 / 70
HERA1+2 NCep 920 [7] 433 / 377 480 / 377 459 / 377
HERA1+2 NCep 460 [7] 221 / 204 223 / 204 221 / 204
HERA1+2 NCep 575 [7] 220 / 254 229 / 254 225 / 254
HERA1+2 CCep[7] 55 / 39 69 / 39 66 / 39
HERA1+2 CCem[7] 50 / 42 52 / 42 54 / 42
HERA1+2 NCem[7] 224 / 159 229 / 159 225 / 159
LHCb 7 TeV [53] - 57 / 108 -
LHCb 13 TeV [53] - - 56 / 108
Correlated χ2 93 113 102
Log penalty χ2 -4.36 -35.13 -16.31
Total χ2 / dof 1422 / 1198 1550 / 1307 1522 / 1307
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Table 2: The optimal values of the input PDF parameters at Q2= 1.4 GeV2 and the charm
and beauty quark masses determined from the various global analyses. The fixed parameters
have been shown with blue color.
Parameter HERAPDF2.0 LHCb 7 norm LHCb 13 norm LHCb 7 abs LHCb 13 abs
Bg −0.10 ± 0.16 0.17 ± 0.14 0.03 ± 0.15 −0.2341 ± 0.0073 −0.307 ± 0.076
Cg 8.7 ± 1.0 5.68 ± 0.64 7.41 ± 0.80 5.15 ± 0.12 5.72 ± 0.42
A′g 2.05 ± 0.89 0.13 ± 0.43 1.90 ± 0.64 1.146 ± 0.047 1.28 ± 0.19
B′g −0.188 ± 0.086 −0.18 ± 0.23 −0.06 ± 0.11 −0.2947 ± 0.0049 −0.346 ± 0.047
C′g 25.00 25.00 25.00 25.00 25.00
Buv 0.696 ± 0.044 0.696 ± 0.022 0.745 ± 0.022 0.713 ± 0.011 0.725 ± 0.025
Cuv 4.772 ± 0.080 4.705 ± 0.072 4.637 ± 0.081 4.683 ± 0.058 4.655 ± 0.096
Euv 14.7 ± 2.7 12.0 ± 1.3 9.4 ± 1.1 10.60 ± 0.69 9.6 ± 1.4
Bdv
0.872 ± 0.094 0.935 ± 0.066 0.944 ± 0.073 0.908 ± 0.046 0.872 ± 0.064
Cdv
4.34 ± 0.38 5.03 ± 0.34 5.05 ± 0.35 5.04 ± 0.26 5.02 ± 0.35
CU¯ 8.45 ± 0.71 3.20 ± 0.46 3.07 ± 0.42 2.79 ± 0.25 2.58 ± 0.32
DU¯ 18.5 ± 3.5 0 0 0 0
AD¯ 0.130 ± 0.011 0.171 ± 0.011 0.1672 ± 0.0098 0.1623 ± 0.0067 0.1581 ± 0.0088
BD¯ −0.176 ± 0.010 −0.1408 ± 0.0079 −0.1457 ± 0.0074 −0.1485 ± 0.0052 −0.1536 ± 0.0071
CD¯ 4.7 ± 1.5 11.8 ± 2.5 7.0 ± 1.5 8.1 ± 1.2 5.5 ± 1.1
αs 0.1059 0.1059 0.1059 0.1059 0.1059
fs 0.3100 0.3100 0.3100 0.3100 0.3100
mc 1.431 ± 0.052 1.332 ± 0.053 1.379 ± 0.048 1.376 ± 0.034 1.412 ± 0.045
mb 4.40 ± 0.15 4.20 ± 0.15 4.29 ± 0.17 4.765 ± 0.070 4.687 ± 0.079
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Table 3: The list of experimental data included in three global fits. The first analysis dose
not include neither LHCb 7 TeV nor 13 TeV [53] data. The second and third analyses include
the absolute LHCb 7 and 13 TeV data of the B± production cross-section, respectively. For
each data set, we presented the χ2/number of points.
Dataset HERAPDF2.0 LHCb 7 abs LHCb 13 abs
Charm cross section H1-ZEUS [21] 52 / 52 50 / 52 52 / 52
Beauty cross section ZEUS [20] 12 / 17 19 / 17 17 / 17
HERA1+2 NCep 820 [7] 66 / 70 69 / 70 69 / 70
HERA1+2 NCep 920 [7] 433 / 377 469 / 377 467 / 377
HERA1+2 NCep 460 [7] 221 / 204 223 / 204 222 / 204
HERA1+2 NCep 575 [7] 220 / 254 226 / 254 224 / 254
HERA1+2 CCep[7] 55 / 39 68 / 39 68 / 39
HERA1+2 CCem[7] 50 / 42 53 / 42 55 / 42
HERA1+2 NCem[7] 224 / 159 228 / 159 229 / 159
LHCb 7 TeV [53] - 100 / 108 -
LHCb 13 TeV [53] - - 114 / 108
Correlated χ2 93 112 103
Log penalty χ2 -4.36 -88.58 -71.70
Total χ2 / dof 1422 / 1198 1530 / 1332 1546 / 1332
Table 4: The optimal values of the free parameters of model extracted from the QCD analysis
of HERA data solely and with including the normalised LHCb data at
√
s =13 TeV and their
variation used for estimating the model uncertainties.
HERAPDF2.0 LHCb norm 13
Parameters Fix Free Fix Free
αS(mZ) 0.105 0.102 0.105 0.109
mc [GeV] 1.25 1.45 1.25 1.40
mb [GeV] 4.19 4.53 4.19 4.60
fs 0.31 0.57 0.31 0.36
C ′g 25 16.0 25 21.4
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Figure 1: The fit results for a representative subset of the LHCb 7 TeV normalised cross
sections [53]. From up to down, for production of B± mesons for 0.0 < pT < 0.5 GeV, up to
23.5 < pT < 40.0 GeV. In the bottom panels the ratios theory/data are shown.
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Figure 2: The fit results for a representative subset of the LHCb 13 TeV normalised cross
sections [53]. From up to down, for production of B± mesons for 0.0 < pT < 0.5 GeV, up to
23.5 < pT < 40.0 GeV. In the bottom panels the ratios theory/data are shown.
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Figure 3: The fit results for a representative subset of the HERA DIS combined data [7], for
the fits which are included only the HERA data (red), considering the LHCb 7 TeV data sets
(blue), and considering LHCb 13 TeV data sets (green) in substitution of 7 TeV data sets [53].
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Figure 4: The extracted PDFs (left) and its relative PDF uncertainties (right) at the scale
Q2= 10 GeV2, as a function of x for uv , dv , g, and sea, determined with a fit to the HERA
DIS data (red), adding with normalised LHCb 7 TeV data (blue) [53], and finally adding with
normalised 13 TeV (green) data [53]. The widths of the bands represent the experimental
uncertainties, and the sea-quark distribution is defined as Σ = 2 · (u¯+ d¯+ s¯).
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Figure 5: Correlations cosϕ between the differential cross section of the LHCb B± production
at
√
s = 13 TeV for two different rapidity values y = 2 and 4.5, and xg(x) distributions at
Q2 = 10 GeV2.
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Figure 6: The extracted PDFs and its relative PDF uncertainties at the scale Q2= 10 GeV2,
as a function of x for xuv , xdv , xg, and xsea, determined with a fit to the HERA DIS data
(red), adding with absolute LHCb 7 TeV data (blue) [53], and finally adding with normalised
7 TeV (green) data sets [53]. The widths of the bands represent the total uncertainties.
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Figure 7: The extracted PDFs and its relative PDF uncertainties at the scale Q2= 10 GeV2,
as a function of x for xuv , xdv , xg, and xsea, determined with a fit to the HERA DIS data
(red), adding with absolute LHCb 13 TeV data (blue) [53], and finally adding with normalised
LHCb 13 TeV (green) data sets [53]. The widths of the bands represent the total uncertainties.
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Figure 8: A comparison between the experimental, model and parametrization uncertainties
on the gluon distribution extracted from the analysis of HERA data solely (upper panel) and
the analysis including the normalised LHCb data at
√
s =13 TeV (lower panel). The results
are related to Q2 = 10 GeV2.
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